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Die asymmetrische Katalyse ist ein zentrales Thema für die Etablierung nachhaltiger 
chemischer Präparationswege. In den letzten Jahrzehnten wurden hauptsächlich 
homogene Katalysatoren, die aus einzelnen Metallatomen mit chiralen organischen 
Liganden bestehen, entwickelt. Ihre Anwendung im industriellen Maßstab ist jedoch, 
durch die technischen Nachteile hinsichtlich des schlechten Recyclings und der 
Schwierigkeit kontinuierliche Prozesse zu entwickeln, begrenzt. Eine Alternative ist der 
Einsatz von chiralen Modifikatoren mit Trägerkatalysatoren. Dieser Ansatz bietet 
inhärente praktische und technische Vorteile gegenüber homogenen Katalysatoren 
und wird industriell angewandt. Allerdings ist der Pool von effektiven Modifikatoren 
sehr begrenzt.  
Ein neuartiger Ansatz zur Lösung der Probleme des Modifierkonzepts ist die 
Funktionalisierung von Trägerkatalysatoren mit chiralen Liganden. Dieses Konzept 
wurde im Rahmen der vorliegenden Arbeit konsequent untersucht, um unter anderem 
das Potential ligandenfunktionalisierter Nanopartikel für die asymmetrische Katalyse 
zu untersuchen. Es wurde ein synthetischer Ansatz genutzt, der die unabhängige 
Kontrolle der katalytisch relevanten Materialeigenschaften (Partikel, Ligand und 
Träger) ermöglicht. Stabile kolloidale Nanopartikel (NP) wurden ohne die Verwendung 
von stark bindenden organischen Stabilisatoren hergestellt. Wie in dieser Arbeit 
spektroskopisch gezeigt werden konnte, sind derartige Partikel durch CO und OH- 
stabilisiert. Da beide Oberflächenspezies leicht durch stärker bindende Moleküle 
substituiert werden können, werden diese Partikel als "ungeschützte" NP bezeichnet 
und können als Bausteine für die Herstellung von maßgeschneiderten 
ligandenfunktionalisierten NP verwendet werden. 
NP besitzen per se keine chirale Information. Um eine stereoselektive Hydrierung von 
prochiralen Reaktanden zu erreichen, muss ein chirales Element eingebracht werden. 
In dieser Arbeit erwies sich die Verwendung von L-Prolin (PRO) als Ligand als 
besonders effektiv. Die erfolgreiche Bindung von PRO an die Partikeloberfläche wurde 
durch NMR bestätigt. Nach Abscheidung auf Al2O3 wurden die geträgerten 
ligandenfunktionalisierten NP zunächst als Trägerkatalysator für die Hydrierung von 
Acetophenon eingesetzt. Katalytische Untersuchungen zeigten, dass PRO-Pt-NP im 





der Carbonylgruppe liefern. Es wurde vermutet, dass durch die Bindung von PRO an 
die Metalloberfläche Oberflächenatome blockiert und Ensembles von benachbarten 
Oberflächenatomen verdünnt werden. Dies unterdrückt die unerwünschte Hydrierung 
des Phenylrings. Trotz des Blockens von Oberflächenatomen durch Liganden wurde 
festgestellt, dass die Reaktionsrate erhöht war, wenn „ligandenfreie" NP mit PRO 
funktionalisiert werden. Diese Zunahme der Aktivität konnte nicht auf das Verdünnen 
großer Ensembles zugunsten von kleinen zurückgeführt werden. Stattdessen wurde 
das Auftreten eines Mechanismus, der aus der homogenen Katalyse als „N-H-Effekt" 
bekannt ist, geschlussfolgert. Der Wasserstoff-Substituent an der Aminogruppe von 
PRO wird nach Bindung an Pt acide. Dieses Proton aktiviert die C=O-Gruppe des 
Reaktanden, was zu einem alternativen Reaktionsweg mit einer erhöhten Rate 
gegenüber der rein metallkatalysierten Reaktion führt. 
Die Hydrierung von Acetophenon mit PRO-Pt-NP ergab einen relativ niedrigen 
Enantiomerenüberschuss (ee) von 14%. Eine signifikante Verbesserung zu 34% ee 
wurde durch die Änderung der Reaktion auf die Hydrierung von Ethylacetoacetat 
(EAA) erreicht. Dieser Wert war ausreichend hoch, um den Einfluss der Partikelgröße 
und der Ligandenkonfiguration auf die katalytischen Eigenschaften zu untersuchen. Es 
konnte gezeigt werden, dass die Partikelgröße nur die Aktivität, nicht aber die 
Stereoselektivität verändert. Auch die Ligandenkonfiguration hatte keinen Einfluss auf 
den Absolutwert des ees. Dies lässt schlussfolgern, dass die Stereoselektivität nicht 
von der Partikelgröße abhängt, sondern primär durch die Ligand-Reaktand-
Wechselwirkung bestimmt wird. 
Um die Ligand-Reaktand-Wechselwirkung näher zu untersuchen und die 
Stereoselektivitäten zu verbessern, wurde eine Struktur-Aktivitäts-, Struktur-
Selektivitätsstudie durchgeführt. Durch Variation von Ligand und Reaktand konnte 
gezeigt werden, dass die Kombination einer α-Aminosäure und eines β-Ketoesters in 
einer stabilisierten 2-Punkt-Bindung resultiert, die zu einer verstärkten stereoselektiven 
Kontrolle führt. Die Anwendung von Grundprinzipien der asymmetrischen homogenen 
Katalyse auf dieses Modell führte zu einer Erhöhung des ees auf 73% durch rationale 
Reaktandenwahl. 
Die in dieser Arbeit vorgestellten Ergebnisse zeigen die Fähigkeit, Prinzipien von der 
homogenen zur heterogenen Katalyse zu übertragen durch die Funktionalisierung von 





sowie stabile Katalysatoren entworfen werden. Während in der heterogenen Katalyse 
Selektivitätsverbesserungen in der Regel von einem Aktivitätsverlust begleitet werden, 
wurde gezeigt, dass die Verwendung von Liganden eine gleichzeitige Verbesserung 
der Aktivität und Selektivität ermöglicht. Die Anwendung von Liganden für geträgerte 
Katalysatoren dient somit als neuer Ansatz mit bisher unbekanntem Potential, um die 






Asymmetric catalysis is an important topic for establishing sustainable chemical 
preparation routes. Mainly homogeneous catalysts consisting of single metal atoms 
with chiral organic ligands have been developed within the past decades, but their 
application on an industrial scale is limited due to practical disadvantages. An 
alternative concept is the use of chiral modifiers in combination with supported metal 
catalysts. This approach offered inherent practical and technical advantages over 
homogeneous catalysts and reached industrial maturity. However, the pool of effective 
modifiers is very limited. Considering the progress achieved within the last years and 
the vast amount of manuscripts on this topic, industrial experts question the ability to 
achieve further breakthroughs for chiral modifiers.  
The functionalization of supported metal nanoparticles (NPs) with chiral, hydrophilic 
ligands and their use as asymmetric heterogeneous catalysts is a novel approach, 
exhibiting the potential to bridge the gap between homogeneous and heterogeneous 
catalysis. Within this project, highly active and selective heterogeneous catalysts were 
developed based on ligand-functionalized Pt NPs. The materials were prepared by a 
stepwise rational design approach. “Unprotected” Pt NPs (1-2 nm), which were 
demonstrated to be stabilized by CO and OH-, were used as a building block to prepare 
ligand-functionalized NPs and via deposition of these particles onto support materials 
heterogeneous catalysts were obtained. This preparation concept allows for 
independent control over particle, ligand, and support properties.  
Previous studies on the functionalization of these “unprotected” Pt NPs with thiol 
ligands showed a drastic decrease in activity and low stereoselectivities. To approach 
the activity challenge only amine ligands were used in this study, specifically L-proline 
(PRO). The hydrogenation of acetophenone, used as test reaction, revealed that Pt 
NPs could be tuned to be 100% chemoselective at enhanced catalytic activity upon 
functionalization with PRO. This unexpected finding could be related to a ligand-
acceleration effect known from homogeneous catalysis that is transferred onto NPs 
when using PRO as a ligand.  
By switching to β-ketoesters as reactants first significant improvements in 
stereoselectivity were obtained (enantiomeric excess (ee) over 30%). It was 





configuration. However, more surprising the stereoselectivity of these complex 
materials does not depend on the particle size. Instead, it is only determined by the 
ligand-reactant interaction. Based on this knowledge a structure-activity and structure-
selectivity study was performed that led to the postulation of a simple ligand-reactant 
interaction model. The model predicts correctly the stereochemistry of the reaction and 
the application of general guiding principles from asymmetric homogeneous catalysis 
to this model allowed to increase the ee up to 73%.  
The present work shows the feasibility to transfer molecular principles from 
homogeneous to heterogeneous catalysts by ligand functionalization. This reveals a 
yet unexplored potential to tune activity and selectivity of supported catalysts. In 
particular, this thesis demonstrates that by ligand functionalization one of the greatest 
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While academic chemical research often focusses primarily on yields, the need for 
environmental friendly preparation routes is a considerable challenge for the chemical 
industry,[1] as the saving of energy and resources are essential aims for our society. In 
the beginning of the 1990s, Anastas applied the term “green chemistry” for this task at 
the US Environmental Protection Agency (EPA).[2-3] At nearly the same time (1992), 
Roger Sheldon introduced the so-called environmental-factor (E-factor) to quantify the 
efficiency of chemical processes.[4-5] The E-factor illustrates the need for green 
chemistry in a simple way. It is defined as the amount of waste in kg generated for the 
production of 1 kg product (E-factor = kg waste/ kg product). A higher E-factor implies 
the generation of more waste and thus a more negative environmental impact. Typical 
E-factors for different chemistry related industrial segments with the corresponding 
product volumes are shown in Table 1. 
Table 1: Production volumes and E-factors of different industrial segments (from [4]). 
Industry segment Product tonnage E-factor 
kg waste/ kg product 
Oil refining  106 – 108 <0,1 
Bulk chemistry 104 – 106 <1-5 
Fine chemicals 102 - 104 5-50 
Pharmaceuticals 10 - 103 25-100 
 
Apparently, both, fine chemistry and pharmaceutical industry, have tremendously high 
E-factors. Because of that, the total waste generated for a typical product in these 
industries can be in the same range as that of a bulk chemical, although the production 
volumes are much smaller. 
Main challenges in fine and pharmaceutical chemistry are the control of chemo- and 
stereoselectivity. Chemoselectivity describes the selective transformation of one 
functional group in the presence of other reactive moieties. Stereoselectivity relates to 
the preferential formation of one of two stereoisomers. A specific case of stereoisomers 
are enantiomers, which behave like mirror images. In general enantiomers exhibit the 





opposite directions. The biological and thus also the pharmacological activities can, 
however, differ strongly. In the 1960er, the contergan (thalidomide) scandal has drawn 
public attention to the relevance of stereochemistry. One enantiomer of thalidomide 
has the desired sedative effect, but the other one leads to malformation of the limbs of 
embryos.[6-7] This explains the strong increase of enantiopure products since the late 
1980s especially in the pharmaceutical industry (see Fig. 1a). Before, pharmaceutical 
products were dominated by racemates (50:50 mixture of the two enantiomers) and 
achiral compounds. However, in the late 1980s, Ariëns pointed out that “as much as it 
is justified to use a drug with 50% of a presumably harmless impurity because it is 
difficult to eliminate, so much is it reasonable to accept 50% of a presumably harmless 
impurity in the form of isomeric ballast”.[8] This highlighted the necessity of enantiopure 
compounds. As a consequence, the regulatory authorities defined more strict 
requirements on drug discovery[9] and today around 80% of all pharmaceutical 
ingredients are enantiopure compounds. 
Besides the share for enantiopure compounds, also the market for chiral compounds 
consisting of a single enantiomer increases continuously (see Fig. 1b).[10] This makes 
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Figure 1: a) Distribution of approved drugs worldwide respectively to their chiral nature (from [11-12]). b) Worldwide 
sales of single-enantiomer pharmaceutical products (from [13-14]). 
 
There are different ways to receive enantiopure compounds. Today, the most common 
approach is still the synthesis of the racemate, followed by enantiomeric separation.[15] 
This allows for explaining in part the high E-factors in fine and pharmaceutical 





waste, as well as product losses, are generated by the separation of the two 
enantiomers.[13] The development of effective stereoselective reaction pathways is 
thus an important topic in chemical research. 
One strategy is stereoselective synthesis. An enantiopure chiral auxiliary interacts with 
a prochiral substrate. This leads to an asymmetric induction within the reactant and 
results in a diastereoselective reaction pathway. After reaction, the auxiliary has to be 
cleaved in an additional post-synthetic step, to obtain the pure enantiomer. Such 
synthesis usually requires an equivalent amount of chiral auxiliary, which has to be 
purified or discarded afterward, also causing high E-factors.[16] In addition, 
stereoselective reactions often proceed at low reaction rates. These limitations can be 
accepted when working on lab-scale synthesis. However, industrial applications 
require high time to volume yields and low E-factors. This emphasizes the need of 
catalytic routes with high stereoselectivities to reduce E-factors effectively for chemical 
conversions in fine and pharmaceutical chemistry.[17] Therefore, concepts to improve 
state-of-the-art catalyst, as well as the development of new catalytic concepts, are 
needed.[18] 
The control of stereoselectivity has been intensively studied in the field of 
homogeneous catalysis. A typical chiral homogeneous catalyst is an organic transition 
metal complex, which is soluble in the reaction medium. The catalyst consists of a 
metal center, which can activate a reactant by coordination. The presence of chiral 
organic (usually phosphorus) ligands can induce chirality to the reactant by interacting 
sterically and electronically with it. This may open asymmetric reaction pathways and 
lead to stereoselective conversions.[19-21] 
The first “man-made” asymmetric homogeneous catalysts were reported in the 1960s. 
This progress was significantly promoted by the development of the first chiral 
phosphine ligands.[22] In the beginning of the 1970s, the production of L-3,4-
dihydroxyphenylalanine (L-DOPA) introduced by William S. Knowles was the first 
industrial process.[23] The tremendous progress in asymmetric homogeneous catalysis 
was honored with the 2001 Nobel Prize in Chemistry that Knowles, Noyori, and 
Sharpless received for their outstanding contributions in this field.[22, 24] 
The activities and selectivities of homogeneous catalysts have been optimized by the 
development of tailored ligands. Today many homogeneous catalysts are known that 





few are applied on an industrial scale (about 15 status 2005).[15] On the one hand, 
ligand syntheses are usually very complex leading to high development and production 
costs. On the other hand, the dissolved catalyst is difficult to separate from the reaction 
medium. As a result, recycling of the catalyst is a great challenge, and the product 
mixtures are typically contaminated by poisoning ligands and precious metals.[26] This 
requires additional purification steps. Furthermore, the solubility of the catalyst greatly 
limits the possibility to establish continuous processes.[27] These problems explain the 
limited use of asymmetric homogeneous catalysts in chemical industry. 
Another possibility that enables an effective use of precious metals as catalytic 
materials is the use of heterogeneous catalysts. The “classic” precious metal based 
heterogeneous catalyst is a supported nanoparticle (NP). These materials can 
overcome several problems associated with homogeneous catalysis.[28] In contrast, to 
a homogeneous catalyst, a supported catalyst is not soluble in the reaction medium. 
Such catalysts can, therefore, be easily handled, separated, and recovered by 
filtration. This bears significant economic and ecological advantages over 
homogeneous catalysts.[29] The control of chemo- and stereoselectivity offers, 
however, a challenging task for supported NPs,[30-31] because they do not have any 
chiral information. 
To develop a resource- and energy- efficient production of enantiopure products, it is 
thus necessary to combine the advantages of homogeneous catalysts in terms of 
stereoselectivity with those of heterogeneous catalysts regarding separation and 
recyclability. This emphasizes the need for stereoselective heterogeneous catalysts.  
The idea of combining the advantages of homo- and heterogeneous catalysis led to 
several approaches, which have been intensively studied in the past. Three of the most 
prominent concepts are i) the immobilization of homogeneous catalysts,[32] ii) 
encapsulation into porous materials, and iii) the use of chiral modifiers for supported 
catalysts.[28] 
To make homogeneous catalysis “recyclable”, metalorganic catalysts can be 






Figure 2: Immobilization of a homogeneous catalyst by interaction with the support (a) or encapsulation in a porous 
structure (b). 
 
The immobilization can be done by fixation of the catalyst via covalent bonds, 
adsorption or electrostatic interactions.[32-34] The strength of this approach is that the 
existing knowledge from homogeneous catalysis can be used. A major problem, 
however, is that the homogeneous catalyst changes structurally by binding to the 
carrier. Also, additional chemical modifications must be carried out on the ligand to 
achieve a binding to the support. This leads to a considerable additional synthesis 
effort and high costs. Furthermore, structural changes often result in activity and 
selectivity losses.[35] Another problem can be the stability. The catalysts can detach 
from the support and the metal can leach into the reaction medium, leading to product 
contamination and loss of the desired catalytic function.[28] By encapsulating into 
porous structures (see Fig. 2b),[36] these problems can be partially overcome, but the 
accessibility of the catalyst is severely restricted, which greatly reduced the catalytic 
activity.[28, 32] 
Although, several scientific examples demonstrate the practicability of 
immobilization,[34] the approach is yet not been applied on an industrial scale.[32] The 
main reason is that this approach is economically not feasible because the synthesis 
of the homogeneous catalysts is expensive and the structural changes, which are 
necessary to achieve an immobilization require additional preparation steps and 
costs.[32]  
A different approach, motivated now from heterogeneous catalysis, is the use of “chiral 
modifiers” with supported NPs. Two highly efficient modifier systems with 
enantioselectivities over 90% are known[37]. The first one is a tartaric acid-modified 
Raney nickel catalyst (up to 98% ee)[38] and the second one cinchona alkaloid modified 







Figure 3: The respectively two chiral forms of cinchona alkaloids (a) and tartaric acid (b). The adsorption on the 
metal proceeds via the red highlighted part (in tartaric acid one of the highlighted parts will adsorb). The chiral 
centers are denoted by “*”. For mechanistic see literature [40-41]. 
 
Chiral modifiers are dissolved in the reaction medium in which a supported NP catalyst 
is suspended. The modifiers adsorb with one part on the particle surface (red 
highlighted in Figure 3) and interact with the chiral part (highlighted with *) with the 
reactant. The latter leads to a chiral induction which is needed for an enantioselective 
reaction.[40-41] The strength of this approach is that supported NP catalysts can be 
prepared on a large scale with established methods and the best modifiers are 
commercially available at moderate costs.[42] The first technical application of a 
modifier system was the hydrogenation of an α-ketoester, reported by Ciba-Geigy in 
1986 with an ee of 80%.[43] This product is a key intermediate for the angiotensin-
converting-enzyme (ACE) inhibitor benazepril. Nevertheless, the applicability of 
modifiers is often limited for the following reasons:  
1. Stability of cinchona-based modifiers: the structures of established modifiers are 
reactive under applied reaction conditions. The aromatic ring (see Fig. 3) is 
hydrogenated during reaction, leading to a change in adsorption geometry.[44] 
As a result, the probability for the desired modifier-reactant interaction 
decreases. 
2. Stability of the tartaric acid modifier: the metal tends to leach into the reaction 
medium.[45-46]  
3. Robustness of the tartaric acid modifier system: the catalytic results depend on 
various parameters (composition of Ni-Al alloy,[46] impregnation/modification 





reaction conditions (solvent, temperature, pressure)).[47] For this reason, 
reproducibility is a great challenge for the tartaric acid system.  
4. Solubility of the modifier: this prevents the ability to implement a continuous 
process, as the modifier is purged out of the reactor together with the product 
stream.[48] Additionally, the modifier stands in an adsorption-desorption 
equilibrium. This means that free metal surface sites are formed during reaction 
due to modifier desorption. This is highly undesired as they catalyze unselective 
side reactions. The stereoselectivity is thus determined by the ratio of modified 
to unmodified sites and the according reaction rates over these catalytic sites. 
Therefore, high ees are usually only obtained if the modifier induces a significant 
enhancement of the reaction compared to the bare metal reaction.[44, 49] This 
limits the modifier approach to a very few reactant-modifier combinations. 
 
In the following, a novel approach for asymmetric catalysis is introduced that tries to 
solve some of the limitations of the modifier concept. 
 
2. Functionalization of NPs with Ligands – The Research Concept 
The needs to overcome the limitations of the previously described modifier concept 
are: 
1. The chiral source should only contain functional groups which are not reactive 
under hydrogenation conditions. This requirement excludes groups like C=C, 
and C=O.  
2. The chiral source should be strongly fixed to the surface under catalytic 
conditions like a ligand in homogeneous catalysis. This allows to suppress the 
formation of free surface atoms that would cause unselective side reactions.  
 
Based on these conclusions the here introduced approach deals with the 
functionalization of NPs via binding chiral ligands to the particle surface. At first sight, 
it seems intuitive to use ligand structures that are known from homogeneous catalysis 
to be effective for stereoselective conversions e.g. 2,2´-Bis(diphenylphosphino)-1,1´-





solubility of the ligand in the reaction medium is a crucial aspect for this approach. As 
most organic reactants are nonpolar, also the solvent has to be nonpolar to ensure 
solubility of the reactant. The same holds for most ligand structures used in 
homogeneous catalysis because the ligands have to facilitate the solubility of the 
metalorganic complex in the reaction medium. If such ligands are bound to a NP they 
fulfill the same function so that the particles are dispersible in nonpolar media.[50]  
 
Figure 4: Supported NPs functionalized with a lipophilic ligand (for example BINAP). During reaction in a nonpolar 
organic solvent, the particle can desorb from the support or/and the ligand from the particle surface. 
 
This means that during a catalytic reaction the NPs can desorb from the support when 
being functionalized with nonpolar ligands. The particle thus acts as a “quasi-
homogeneous” catalyst and the benefit of a supported catalyst is lost. In addition, 
depending on the binding strength between ligand and metal, the ligand can desorb 
from the particle surface, and a purely metal catalyzed unselective reaction can 
proceed. Nonpolar ligands are, therefore, not suitable for applications in 
heterogeneous catalysis.  
To overcome the problems mentioned above, in this work NPs were exclusively 
functionalized with hydrophilic ligands for catalytic applications in nonpolar solvents 
(see Fig. 5). Only in this way supported ligand-functionalized NPs remain supported 
under reaction conditions.  
 
Figure 5: Supported NPs functionalized with a hydrophilic ligand (for example cysteine). During reaction in a 





Having opposite solubility properties for the ligand and the solvent inhibit the 
appearance of strong attractive interactions between the ligand shell and the reaction 
medium.[51] As a result, neither the NPs desorb from the support nor the ligands from 
the particle surface. A further benefit of using hydrophilic ligands is that amino acids 
and corresponding derivatives can be used, which are harmless, cheap and 
enantiopure available. 
To explore the use of hydrophilic ligands for catalytic NPs, the parameters which 
influence the catalytic properties (activity, selectivity, stability) have to be known. 
Based on the knowledge from homogeneous and heterogeneous catalysis four 
parameters have been identified that primarily determine the catalytic performance of 
supported ligand-functionalized NPs:[52] the particle, the ligand, the support, and the 
reaction parameters (see Fig. 6).  
 
Figure 6: Four parameters which determine primary the catalytic performance of supported ligand-functionalized 
nanoparticles.  
 
To investigate the influence of these parameters systematically their independent 
control is a prerequisite. In contrast to the reaction parameters, the material parameters 
(particle, ligand, and support) cannot be synthesized and controlled independently by 
conventional preparation routes (e.g. incipient wetness impregnation).[53] In this 
method, a metal precursor solution is added to a support. The particles are then 
generated by a reductive treatment on the support. Because the surface chemistry of 
the support influences the particle generation (particle size), this method prevents that 
support and particle can be tuned independently.  
An alternative route for the preparation of NPs is the colloidal approach.[54] Metal 
precursors are reduced in a solvent which leads to nucleation followed by particle 
growth, as proposed by LaMer.[55-56] By tuning the reaction conditions, particles of a 
given metal and size can be synthesized and subsequently be deposited onto any 





furthermore, allows for selective binding of specific ligands.[51] First colloidal NPs are 
formed in basic ethylene glycol (EG) (step 1, Fig. 7). These formed NPs are called 
“unprotected” because no organic surfactants are necessary for their stabilization in 
the reaction medium. By lowering the pH value (1 M HCl) these NPs are precipitated, 
washed with HCl (step 2), and redispersed in a polar organic solvent (e.g. acetone or 
cyclohexanone) (step 3). For the functionalization with ligands an alkaline hydrophilic 
ligand solution is added (step 4). During proper mixing of the two immiscible phases 
(step 5) a phase transfer reaction takes place. The ligands bind to the particle surface, 
and the functionalized particles transfer into the aqueous phase. Finally, these ligand-
functionalized particles can be deposited in an additional independent step on any 
desired support (step 6). During all these steps the particle size is maintained as 
verified by TEM analysis.[51] 
 
Figure 7: Preparation procedure for the synthesis of ligand-functionalized NPs. First “ligand-free” NPs are synthesis 
(step 1). This NPs were precipitated and washed with HCl (step 2) and redispersed in an organic solvent (step 3). 
After addition of a ligand solution (step 4) the particles were functionalized upon proper mixing (step 5). Finally, 
these particles can be deposited on a support (step 6).  
 
The separation of particle synthesis, functionalization, and deposition enables to vary 
the most important material properties independently, as illustrated in Figure 8. The 
applied preparation and reaction route allows independent control over i) the metal and 
particle size, ii) the functionalizing ligand, and iii) the support. The catalyst prepared by 
this protocol can then be studied under different reaction conditions (control of reaction 
parameters). As a result, the influence of the four catalytically most relevant 
parameters (see Fig. 6) on the activity, selectivity, and stability can be investigated 
systematically, and changes can be related exclusively to the influence of a single 






Figure 8: The colloidal approach allows the independent control of different particles (metals and size, 1), the 
functionalization with different ligands and the characterization with varied methods (2), the deposition on different 
supports (3), and the variation of the reaction parameters (4). Reproduced from Ref. 51 with permission from the 
PCCP Owner Societies.  
 
3. Aim of the Work 
The aim of this project was to explore the use of hydrophilic ligands for catalytic NPs 
to determine guidelines for developing novel, highly active and selective catalytic 
systems. To tackle this challenge the preparation strategy described above (see Fig. 
7) for the independent control of the material properties was applied. Although the 
approach had been established previously, the surface chemistry of the “unprotected” 
NPs that are used as a building block for the ligand-functionalized NPs (see. Fig. 7) 
remained unclear. As the particle properties are of essential importance for the catalytic 
performance (see Fig. 6) the first aim was thus to elucidate their surface chemistry and 
to achieve a fundamental understanding of these particles.  
The ligand was identified as an important parameter that determines the catalytic 
properties of ligand-functionalized particles (see Fig. 6). It was already shown that 
“ligand-free” Pt NPs can be functionalized with thiol ligands. However, these ligands 
showed a strong decrease in activity compared to “ligand-free” Pt NPs and very low 
ees (ee < 10%). While these results demonstrated the feasibility of using ligands for 
supported NPs and the preparation concept introduced above (see Fig. 7), they 
indicated significant disadvantages for the use of thiol ligands in particular their strong 
poisoning effect. For this reason, the aim of the present work was to investigate amines 
as a different class of ligands for catalytic NPs, as amines have been previously 
demonstrated to cause no strong poisoning.[57]  
An essential challenge of this project was to shed light onto the ability of ligands to 





chemoselectivity. In the second step, the focus was stereoselectivity to achieve a 
fundamental understanding for the asymmetric bias of these novel systems and 
elucidate strategies to obtain high stereoselectivities.  
 
4. Synthesis and Surface Chemistry of “Unprotected” 
Nanoparticles 
4.1 Synthesis of Stable Colloidal Metal NPs  
NPs can be synthesized with the “top-down” and the “bottom-up” approach.[50, 55] The 
“top down” approach uses physical methods such as grinding or sputtering techniques 
to downsize the bulk material. Thus prepared particles are, however, usually large in 
size, and the approach exhibits very limited size control.[55] For catalytic investigations, 
the “bottom-up” approach is in most cases beneficial over physical methods. Single 
atoms grow to NPs in a wet-chemical synthesis. This is typically achieved by chemical 
reduction of metal salts.[50] The most commonly used method is the alcohol reduction. 
The metal precursor is dissolved in an alcohol that acts simultaneously as the solvent 
and the reduction agent. The concentration of reduced atomic monomers constantly 
increases until the nucleation starts, which is followed by the growth of the particles as 
long as precursor is available. Thus formed colloids have a high surface to bulk ratio 
and tend to minimize their free surface energy by sintering. To prevent sintering 
stabilizers are added which lower the surface energy of the NPs and shield their 
surface. Stabilizers are usually added during synthesis and involved in the 
determination of size and structure.[50] 
The main concepts for the stabilization of the colloids are: 
1. The electrostatic stabilization by adsorbed ions:[50] ionic compounds in the 
solution can form an electrical double layer on the metal surface, leading to a 
coulombic repulsion between the nanoparticles and an electrostatic 
stabilization. 
2. Steric stabilization by macromolecules and ligands:[58] through the binding 
(covalent or coordinative) of macromolecules (polymers) or ligands[59-60] to the 
particle surface, a protection layer is formed around the particle that causes a 





3. The electrosteric stabilization by surfactants:[58] a combination of electrostatic 
and steric stabilization can be achieved by the use of ionic surfactants, which 
have a polar head group that generates an electrical double layer and a 
lipophilic side chain that provides steric repulsion.  
4. The stabilization in dendrimers or micelles:[58, 61-62] NPs can be encapsulated 
within a dendrimer or a micelle. They form a membrane-like structure around 
the NP that protects the NPs against sintering. 
 
The protection agents block and hinder the accessibility of the surface. This allows to 
suppress sintering. For catalytic applications, they, however, have to be removed, if 
the aim is to study the catalytic properties of the bare metal surface. Organic stabilizers 
can be removed by solvent extraction, oxidative heat or oxidative low-temperature 
treatments. However, such treatments can irreversibly alter the particle properties, 
which diminishes the benefit of a colloidal route.[63-64] An alternative strategy that allows 
overcoming these problems is discussed in the following. 
 
4.2 Polyol Synthesis 
In the “polyol approach”, the particles are prepared in alkaline ethylene glycol.[54, 65] 
The advantage of this approach is that no strongly binding stabilization agents are 
necessary to obtain stable colloids. For this reason the term “unprotected” was 
established for this system.[54] 
In this work a slightly modified synthesis route for Pt NPs was used for all particles. 
The metal precursor H2PtCl6 was reduced upon heating in basic ethylene glycol to form 
Pt atoms which nucleate and grow to “unprotected” NPs that are 1.2 nm in size. 
 
4.3 Surface Chemistry of “Unprotected” Pt NPs 
(Relevant paper: III) 
The term “unprotected” NP was introduced because no additional strongly binding 
stabilizers are necessary to obtain stable colloids.[54] However, the surface of the 





precipitate. This stabilization has been under debate for almost 15 years, but no 
spectroscopic studies were carried out to unveil the surface chemistry of “unprotected” 
NPs. A fundamental knowledge about the surface chemistry is, however, required to 
develop the synthesis of these unique particles and to achieve a deeper understanding 
for their functionalization (see Fig. 7).  
The particles are prepared in alkaline EG.[66] The oxidation of EG provides the 
electrons for the reduction of the precursor. So far the stabilization has been attributed 
to OH- and EG as well as oxidation product of EG (glycolate and acetate, see Fig. 9 
reaction pathway 1).[54, 67-68] 
 
Figure 9: Reaction pathways for the oxidation of ethylene glycol (EG). “Reprinted with permission from The Journal 
of Physical Chemistry C, 2015, 119, 17655-17661. Copyright 2015 American Chemical Society.” 
 
ESI-MS analysis of the reaction medium after the formation of NPs revealed the 
presence of glycolaldehyde (a in Figure 9) and glycolic acid (b), oxidation products 
formed from EG via reaction pathway 1. Also oxalaldehyde (c) from reaction pathway 
2 was found. The further oxidation product of this pathway oxalic acids (d) was, 
however, not found. Oxalic acid readily decomposes to CO2 under alkaline reaction 
conditions and can hence be excluded as a stabilizing species.[67] Acetate is not formed 
within any of the EG oxidation pathways. Indeed acetate was not identified by ESI-MS 





“Unprotected” Pt NPs were investigated by means of NMR spectroscopy to explore the 
presence of C-H species on the particle surface (see Fig. 10). 
 
Figure 10: 1H NMR spectra (360 MHz, 8.4 T, acetone-d6) of “unprotected” Pt NPs (a) and a zoom from the range 
3.2-4.1 ppm (b). “Reprinted with permission from The Journal of Physical Chemistry C, 2015, 119, 17655-17661. 
Copyright 2015 American Chemical Society.” 
 
To measure surface bound species by NMR spectroscopy, the C-H species have to 
rotate on the surface or exhibit internal rotational degrees of freedom.[69] The latter 
requirement is fulfilled by all suitable stabilizing species identified from ESI-MS 
measurements. Thus, these species are expected to be detectable by NMR 
spectroscopy when being bound to the particle surface. The spectrum (Figure 10a) 
shows two signals at 3.5 and 4.9 ppm that are attributed to the CH2 and OH group of 
EG, respectively. A zoom into the spectrum (Figure 10b) shows two additional signals 
at 3.8 and 4.0 ppm. The first signal was identified as an organic impurity in the 
deuterated solvent. The second one could be assigned to glycolic acid, which was also 
identified by ESI-MS analysis of the reaction medium. 
To discriminate if the signals are attributed to free or surface bound species, EG and 
glycolic acid were added to the sample. The metal core causes a downfield shift of the 
proton signals in comparison to the free solvated molecule (knight shift).[69-70] The 
addition of free EG and glycolic acid led to an increase of the present signals, but no 
additional signals appeared. This test demonstrates that EG and glycolic acid identified 
by NMR are not bound to the surface, but only dissolved residues that originate from 





rinsing. This correlates with previous studies that report the binding energy of 
carboxylic ligands on Pt to be too low to bind effectively to Pt surfaces.[71] The NMR 
investigation clearly reveals that no C-H containing species act as surface bound 
stabilizers. However, the actual identity of the surface species remained unclear.  
Next, the particles were investigated by ATR-IR spectroscopy (see Fig. 11). It has to 
be considered that NP samples contain unpredictable water residues. Therefore, a 
spectrum of water in EG (blue spectrum) was recorded, scaled appropriately, and 
subtracted from the ATR-IR spectrum of the sample (black spectrum) to obtain a 
spectrum that only reflects features arising from Pt nanoparticles (red spectrum). This 
spectrum shows one main signal at 2026 cm-1, which could be assigned to linearly 
adsorbed CO on Pt.[72] Two additional weak signals at around 1730 and 1830 cm-1 
were attributed to glycolate residues dissolved in the medium and bridge bound CO on 
Pt, respectively.[73] 
 
Figure 11: ATR-IR spectra of “unprotected” Pt NPs in EG (black) and H2O in EG (blue). The water spectrum was 
substracted from the Pt NP spectrum to take account for water residues in the sample (red). “Reprinted with 







The CO can be formed during oxidation of EG (pathway 3 – Figure 9).[74-75] The CO 
band for as-prepared Pt NPs investigated in this study appeared at 2026 cm-1. While 
the position of the linear CO band of a fully covered Pt NP surface was around 
2060 cm-1.[73] An explanation for this shift can be given by the dependency of the CO 
on Pt band on its vicinity. On a fully CO saturated surface, adjacent CO molecules 
vibrate at the same frequency, which causes coupling between neighboring dipoles 
and a blue-shift of the CO band.[76] A second competing adsorbate on the surface 
dilutes the number of adjacent CO molecules. This reduces the dipole coupling and 
results in a shift to lower wavenumbers. In addition, a shift can be induced, because a 
second competitive adsorbate can alter the electronic properties of Pt and thereby the 
π-back-donation strength of the metal to CO. The singleton frequency for an isolated 
CO molecule on the here discussed Pt NPs has been previously determined to be 
around 2017 cm-1.[73] The position of the CO-stretching mode in the spectrum with 
respect to the singleton frequency and the signal of a fully covered surface hence 
indicate the presence of a second species on the surface that dilutes partly the 
adsorbed CO. From the above mentioned candidates, only OH- remains as a second 
potential surface binding species. Due to the water residues in the sample OH- can 
neither be determined nor excluded by NMR and IR spectroscopy. For this reason, it 
was tried to gain evidence for the presence or absence of OH- via a synthetic approach. 
When OH- plays an important role, the stability of the formed colloids should depend 
on the OH- concentration. With regard to this idea, different starting concentrations of 
NaOH were applied and the resulting particle stability was probed. 
Table 2: Starting NaOH concentration for the formation of Pt colloids from 0.01 M H2PtCl6 precursor, the 
corresponding final OH to Ptsurface atom ratio and the position of the CO band after synthesis. “Reprinted with 




final ratio of 
OH-/Ptsurface atoms 
CO band position 
(cm-1) 
0.500 44.5 2020 
0.250 19.1 2026 
0.125 6.4 2031 
0.094 3.3 2037 
0.078 1.7 2042 





Stable colloids using an H2PtCl6 precursor concentration of 0.01 M could only be 
formed with NaOH starting concentrations between 0.500 and 0.063 M (see Tab. 2). 
At lower concentrations the particles were not stable but precipitated. The final OH-
/Ptsurface atoms ratio (here the protons formed during reduction were taken into account) 
revealed that at lower concentrations the OH- is completely neutralized after reaction. 
This finding indicates that “unprotected” Pt NPs are stabilized by a mixture of CO and 
OH-. Changing the amount of OH- and thus the CO/OH- ratio during reaction should 
change the surface coverage of both species. The OH- coverage has to increase with 
increasing OH- starting concentration. This effect can be shown by probing the position 
of the CO band of the different samples (Table 2). It was found that the CO band shifts 
from 2020 cm-1 for the highest to 2046 cm-1 for the lowest NaOH starting concentration. 
The position of the band reveals that at every tested concentration the surface is 
covered by CO and OH-. The CO concentration on the surface, however, increases by 
decreasing OH- concentration in the reaction solution. The highest coverage at a NaOH 
starting concentration of 0.063 M is still 14 cm-1 below the value of a fully covered CO 
surface (2060 cm-1).[73] This indicates that OH- is essential for the stabilization of the 
particles under synthesis conditions. Furthermore, the NaOH concentration is 
expected to effect the particle size as determined by SAXS (see Fig. 12).  
 
Figure 12: Particle size distribution for „unprotected“ Pt NPs with a starting NaOH concentration of 0.250 M (black), 
0.094 M (red), and 0.078 M (blue) determined by SAXS measurements. With decreasing NaOH concentration the 
distribution broadens and the maximum shifts to larger particles. “Reprinted with permission from The Journal of 






When the OH- concentration is lowered (starting concentration black > red > blue) the 
particle size increases and the size distribution broadens. This can be explained by the 
result that OH- acts as the second protection species. By lowering its concentration the 
efficiency for protecting the particle decreases, especial for small particles and as a 
consequence the probability to grow increases. This allows a moderate control over 
the particle size.  
The investigations demonstrate that “unprotected” particles are not free of adsorbates. 
They are stabilized by CO and OH-. The presence of OH- is essential to obtain stable 
colloids. In order to account for this new knowledge about the stabilization of 
“unprotected” NPs they will be referred to as "surfactant-free"Pt NPs in future works.[77]  
The knowledge about the surface chemistry provides new possibilities for improving 
their preparation. A decrease of the starting OH- concentration was found to lead to a 
moderate increase of the particle size. Recent results demonstrate the possibility to 
increase the size even further up to 6 nm.[77] This allows for investigating particle size 
effects in heterogeneous catalysis without the need for surfactant-based syntheses. 
Furthermore, the influence of the particle size on the catalytic properties of ligand-
functionalized NPs becomes determinable.  
 
5. Synthesis and Characterization of Ligand-functionalized Pt NPs 
5.1 Choice of Suitable Ligands for Ligand-functionalized Pt NPs 
Ligand-functionalized NPs can be prepared with the method described in Section 2 
(see Fig. 7). As mentioned above the ligands should bind and remain on the Pt surface 
during catalysis to act truly as a ligand and obtain a heterogeneous catalyst. An 
essential requirement for this task is that the ligands are not soluble in the reaction 
medium. To meet this criterion the ligands have to be hydrophilic (see Section 2), when 
converting organic reactants in a nonpolar organic solvent. In addition, the ligands 
have to be enantiopure to achieve a steroselective control. This allows the use of amino 
acids and their derivatives that exhibit a broad variety of different functional groups 
such as amino, carboxyl, thiol, thioether, and hydroxyl. 
Carboxylic and hydroxyl groups are not suitable as binding groups. The binding of 





effective.[71, 78] Sulfur-based and amino groups, however, can bind to these metal 
surfaces.[79] So far, most selectivity studies in heterogeneous catalysis utilize thiol 
ligands.[51, 73, 80-81] The binding energy of thiols to Pt is around 200 kJ∙mol-1.[82] Such a 
strong binding is beneficial for preparation of stable materials, but thiol-stabilized NPs 
show a decrease in catalytically activity.[80] The reason for this inhibition is twofold i) 
surface atoms are blocked by binding ligands, ii) the ligands change the electronic 
properties of the metal. The latter affects activation energies and leads to strong 
poisoning of the metal surface. In contrast the binding energy of amines is around 
100 kJ∙mol-1.[83] Amine ligands can also block surface atoms, but they do not alter 
significantly the electronic properties of the metals.[57] 
Both groups seem at first sight suitable as anchoring groups. Thiol groups show a 
strong binding to late transition metal surfaces. For the here discussed purpose to use 
ligands as a selectivity controlling element, a strong binding is desired to obtain a high 
stability of the ligand layer. However, the strong poisoning effect of thiols on e.g. Pt 
and Ru makes them unsuitable. Cysteine, N-acetyl-cysteine and glutathione with thiol 
groups as the binding moiety were tested as ligands in the hydrogenation of 2-
butanone.[51] It could be shown that the activity compared to “ligand-free” Pt NPs 
decreases by almost three orders of magnitude, due to the binding of thiol groups. In 
contrast, amines do not change strongly the surface properties,[57, 79] but their stability 
is limited. The ligand choice is thus a trade-off between activity and stability. 
Nevertheless, due to the strong activity inhibition of thiols, the presented studies 
focused on amines as binding moiety.  
In addition to the binding moiety, the ligand should contain further bulky groups or a 
cyclic structure to reduce its conformational flexibility, because rigid structures are 
known from homogeneous catalysis to be particularly effective for achieving high 
stereoselectivities.[19]  
 
5.2 Functionalization of Pt NPs with PRO  
(Relevant paper: II) 
The first investigations focused on proline (PRO) as a hydrophilic amine ligand for the 





flexibility. Furthermore, the nitrogen atom in the ring increases the barrier for 
interconversion.[85]  
The preparation of ligand-functionalized particles followed the strategy described 
above (Section 2). For the characterization of PRO-Pt NPs and to demonstrate the 
binding, the material was investigated using NMR-spectroscopy and the resulting 
spectrum was compared to free PRO (see Fig. 13). For the experiments, the PRO-Pt 
NPs were washed a few times with D2O and then redispersed in alkaline D2O. Sample 
rinsing was performed to remove water residues, which disturb the NMR analysis by a 
broad H2O signal. 
 
Figure 13: 1H NMR spectrum (360 MHz, 8.4 T, D2O) of Pt bound PRO (blue) and unbound PRO (magenta). The 
black signals are attributed to contaminations. “Reprinted with permission from Journal of the American Chemical 
Society, 2015, 137, 905-912. Copyright 2014 American Chemical Society.” 
 
In the recorded NMR spectrum one set of signals (blue one in Fig. 13) and 
contaminations (black signals) appeared. The organic residues could be identified as 
ethanol, which was used to remove residual non-binding ligands after functionalization 
and acetic acid, which is an oxidation product of ethanol. The blue signals could be 
assigned to PRO.[86] In order to investigate whether this PRO signal pattern is related 
to free or surface bound PRO, a small amount of free PRO was added to the particle 
dispersion. This led to the appearance of a second but shifted set of signals (magenta) 
in the NMR spectrum. The shift of signal in the sample, however, shows that PRO is 
indeed bound to the surface. The amino group in PRO seems to be the only possible 
binding moiety. However, to confirm a binding via the amino group the signals of bound 





carbon groups beside nitrogen (for assignment see PRO structure in Fig. 13) show a 
larger shift than signals 2 and 3. This shift may be related to the closer approximation 
to the metal surface or to the amine that is chemically altered via binding to the metal 
surface.[69-70] This result shows that amine ligands are effectively bound to the surface 
and are, therefore, suitable for the use as ligand-functionalized catalysts.  
In order to show that the binding of ligands does not alter the particle size “ligand-free” 
Pt NPs were prepared and functionalized with PRO. From both, the “ligand-free” and 
the PRO-functionalized samples TEM images were taken and the particle size was 
analyzed (see Fig. 14). 
 
     

















































Figure 14: TEM images (top of Figure) and particle size distributions (lower part) of “ligand-free” Pt NPs (a) and 
PRO-Pt NPs prepared from this “ligand-free” Pt NPs batch (b). For particle size distribution respectively 200 
particles were measured. The particle size distributions don´t show a change in particle size between those 
samples. A particle size around 1.2 ± 0.3 nm is received. “Reprinted with permission from Journal of the American 






The TEM images and particle size distribution reveal that the binding does not alter the 
particle size.  
In order to determine the ligand coverage,[51] atomic absorption spectroscopy (AAS) 
and elemental analysis (EA) were performed, which allows determination of the ratio 
of metal to organic material content. In addition, the ratio of surface atoms to total 
atoms within the particle (dispersion) is needed. For determination of the dispersion, 
an fcc packing within the particle was assumed as well as a spherical shape. By taking 
the particle size of 1.2 nm from TEM measurements into account and a Pt radius of 
0.136 nm a particle size of 63 Pt atoms and a dispersion of around 96% was obtained. 
Using the ratio of metal to organic material content and the dispersion a ligand 
coverage of 85% was determined.  
 
6. Heterogeneous Catalysis: Hydrogenation Experiments with 
Ligand-functionalized Pt NPs 
In order to perform heterogeneous catalytic investigations, the “unprotected” and 
ligand-functionalized Pt NPs were deposited onto γ-Al2O3 to give nominal metal 
loadings of 2 wt% Pt. The actual metal loading of every supported catalysts was 
verified by AAS and used for normalization of the reaction rates.  
The hydrogenation experiments were performed in stainless steel autoclaves at a 
pressure of 20 bar H2 and at ambient temperature. Conversion and ee of the catalytic 
experiments were analyzed using a gas chromatograph (GC) equipped with a flame 
ionization detector (FID). The activity and selectivity of the reaction products were 
determined from the total amount of detected product and reactant, and by taking the 
corresponding response factors into account.[87-88] In addition, the carbon balance was 
tested by using an internal standard, and no significant losses were obtained. 
A representative chromatograph of two enantiomeric products for the ee-determination 
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Figure 15: Representative chromatogram for the separation of the two product enantiomers of ethylacetoacetate 
(tr=5,131 min and 6.995 min, see Fig. 21 for structures). [98] – Reproduced by permission of The Royal Society of 
Chemistry. 
 
A measure for the stereoselectivity is the ee that is determined by the following 
equation:  
𝑒𝑒(%)  =  
|𝑚1 −  𝑚2|
𝑚1 +  𝑚2
 
For reaction rate measurements the conversion was kept below 10% to achieve 
differential operation conditions.[89] The reaction rates in this thesis are given as 




)  =  
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 ·   
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𝑚(𝑃𝑡)  ·  𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛
 
 
6.1 Simultaneous Enhancements of Catalytic Activity and Selectivity of Pt NPs 
induced by PRO 
(Relevant paper: II) 
Supported N-methyl-PRO and PRO-functionalized Pt NPs were applied as 
heterogeneous catalysts for the hydrogenation of acetophenone (see Fig. 16).[84] This 





the desired hydrogenation of the carbonyl group, also the hydrogenation of the 
aromatic ring can occur. The reaction is, furthermore, a stereoselective challenge, 
because during the formation of the desired alcohol a stereogenic center is generated. 
 
Figure 16: Hydrogenation of acetophenone (black). The desired reaction is the chemoselective hydrogenation of 
the carbonyl group (green). Besides this, also the aromatic moiety can be hydrogenated (red) .Both products can 
further hydrogenated to the fully hydrogenated product (grey). During the desired hydrogenation of the C=O a 
stereogenic center is formed as indicated with * in green structure. “Reprinted with permission from Journal of the 
American Chemical Society, 2015, 137, 905-912. Copyright 2014 American Chemical Society.” 
 
The hydrogenation experiments were first performed with “ligand-free” Pt NPs 
supported on γ-Al2O3 in order to obtain a benchmark for investigating the effect of 
ligands (see Fig. 17 on the left). The color code reflects the products shown in Figure 
16. As only surface atoms are able to contribute to the catalytic reaction, the formation 
rates were normalized to the total number of surface atoms.  
Over “ligand-free” Pt NPs mainly the hydrogenation to the desired unsaturated alcohol 
(green) occurs, but also significant amounts of undesired side products are formed. 
This demonstrates the limitations of supported Pt NPs for chemoselective 









Figure 17: Formation rates normalized to the total number of Pt surface atoms for the hydrogenation of 
acetophenone over “ligand-free”, N-methyl-PRO-Pt and PRO-Pt NPs. The color code reflects the products shown 
in Figure 16 and in the diagram. The hydrogenation with “ligand-free” and N-Methyl-PRO-Pt NPs form a significant 
amount of side products. Only the hydrogenation with PRO-Pt NPs proceed 100% chemoeselective. 
Enantioselectivities (see values on top of columns) could only obtained with PRO. The experimental error for the 
ee is ±1%. All experiments were performed in autoclaves with 1 mL acetophenone, 9 mL cyclohexane, and 200 mg 
catalyst. The reaction pressure was 20 bar H2, the reaction temperature 293 K, and the stirring speed 800 rpm. The 
conversion was kept below 10%. “Reprinted with permission from Journal of the American Chemical Society, 2015, 
137, 905-912. Copyright 2014 American Chemical Society.” 
 
When Pt NPs were functionalized with N-methyl-PRO (see Fig. 17), the activity was 
reduced, but not as strong as compared to the use of thiols,[80] which demonstrates the 
advantage of using amine based ligands over thiols. The chemoselectivity towards the 
desired product was increased when N-methyl-PRO was used as a ligand, but still 






Figure 18: The ensemble effect describes the different number of adjacent surface atoms that are necessary to 
adsorb and activate different functional groups. Here, as illustrated in the scheme, the aromatic moiety needs a 
larger ensemble than the C=O group (a). Surface atoms to which a ligand is bound are assumed to be blocked. 
Ligands thus block ensembles of adjacent surface atoms and hinder the adsorption and hydration of the reactant 
(b). 
 
The enhanced chemoselectivity at the expense of activity can be explained by the so-
called ensemble effect known from bimetallic heterogeneous catalysis (see Fig. 18).[90-
92] Different functional groups require different ensembles of adjacent surface atoms 
for adsorption and activation on metal surfaces. For the hydrogenation of the aromatic 
moiety larger ensembles of adjacent surface atoms are necessary than for the 
hydrogenation of the carbonyl group (see Fig. 18a).[90-91, 93] Surface atoms that bind 
ligands are assumed to be blocked and not to be able to contribute to the catalytic 
reaction. The binding of ligands and thus the blocking of surface atoms decreases the 
size of ensembles of adjacent surface atoms. As a result, the number of large 
ensembles decreases more strongly than the number of small ensembles. This favors 
the hydrogenation of the carbonyl group leading to an enhanced chemoselectivity at 
the expense of activity, an effect known form bimetallic heterogeneous catalysis.[94] 
The ligand coverage of N-methyl-PRO is only 0.4. To improve the chemoselectivity 
further, presumably higher ligand coverages are necessary, to achieve complete 
dilution of all large ensembles.  
The lower steric demand of PRO in comparison to N-mehtyl-PRO leads to a ligand 
coverage of 0.85. Hydrogenation experiments performed with PRO-Pt NPs result in a 
100% chemoselective conversion to the desired alcohol. The chemoselectivity is, 





to “ligand-free” Pt NPs is observed. To discuss the formation rates of “ligand-free” and 
functionalized particles representatively, it has to be considered that only ligand-free 
surface atoms are expected to contribute to the reaction. To take this into account the 
rates were normalized to the number of ligand-free surface atoms (see Fig. 19).  
 
Figure 19: Formation rates for the hydrogenation of acetophenone over “ligand-free”, N-methyl-PRO- and PRO-Pt 
NPs shown in Figure 17 normalized to the number of free Pt surface atoms. The color code reflects the products 
shown in Figure 16 and in the diagram. The hydrogenation with N-Methyl-PRO-Pt proceeds with a slightly decrease 
in activity and a slightly increase in chemoselectivity compared to “ligand-free” Pt NPs, while the hydrogenation with 
PRO-Pt NPs shows a significant rate enhancement with 100% chemoselectivity. Values on top of the columns show 
the enantioselectivity. The experimental error for the ee is ±1%. All experiments were performed in autoclaves with 
1 mL acetophenone, 9 mL cyclohexane, and 200 mg catalyst. The reaction pressure was 20 bar H2, the reaction 
temperature 293 K, and the stirring speed 800 rpm. The conversion was kept below 10%. “Reprinted with 
permission from Journal of the American Chemical Society, 2015, 137, 905-912. Copyright 2014 American 
Chemical Society.” 
 
The rates for N-methyl-PRO-Pt NPs still show a slight decrease in activity in 
comparison to "ligand-free" Pt NPs, while PRO-Pt NPs show a pronounced rate 





ones. However, this effect that is known from bimetallic heterogeneous catalysis 
cannot explain the 18 times higher activity of PRO-Pt NPs compared to “ligand-free” 
Pt NPs. Instead a model from homogeneous catalysis must be applied, the so-called 
“N-H effect” originally proposed by Noyori et al (see Fig. 20). [95-96] 
 
Figure 20: The “N-H effect” leads to a ligand-accelerated hydrogenation of carbonyls proposed by Noyori et al. The 
amine bound hydrogen becomes acidic upon binding to the Pt NP and interacts with the carbonyl oxygen of the 
reactant. This activates the reactant (1). The oxygen is protonated by the amine hydrogen while a hydride is 
transferred from the metal surface to the carbon atom (2). Then the catalytic species is reformed by adsorption of 
molecular hydrogen (3) and heterolytic dissociation of this molecular hydrogen (4). “Reprinted with permission from 
Journal of the American Chemical Society, 2015, 137, 905-912. Copyright 2014 American Chemical Society.” 
 
It is known that amine bound hydrogen substituents become acidic upon binding to a 
late transition D-metal like Pt.[95, 97] These acidic amine protons interact with the 
carbonyl oxygen of the reactant, leading to an enhanced activation of the reactant (step 
1 in Figure 20). The hydrogenated product is formed, due to protonation of the oxygen 
by the amine hydrogen and hydride transfer from the metal surface to the carbon atom 
(step 2 in Figure 20). By adsorbing molecular hydrogen (step 3 in Figure 20) and 
subsequent heterolytic dissociation the catalytic species is reformed (step 4 in Figure 
20). This mechanisms leads to an alternative reaction pathway, which proceeds with 
an enhanced rate compared to the purely metal catalyzed reaction. Combining this 
model with the ensemble effect allows to explain the high chemoselectivity and 
enhanced activity. First, ensembles are diluted by blocking of adjacent surface atoms. 





H effect”.[96] In contrast, a tertiary amine (N-methyl-PRO) does not have an N-bound 
hydrogen substituent. The ligand-accelerated hydrogenation described in Figure 20 
can hence not proceed, but only the purely metal catalyzed reaction pathway. N-
methyl-PRO thus acts only as a surface blocking species and the lower ligand 
coverage explains the lower chemoselectivity compared to PRO-Pt NPs. 
In addition to the rate enhancement and the control of chemoselectivity the PRO-Pt 
NP system showed some modest stereoselectivity (values on top of the columns in 
Figure 17 and 19). In following sections it will be shown how within the PhD studies the 
stereoselectivities could be enhanced to more than 70% ee.  
 
6.2 Effect of Particle Size and Ligand Configuration on Catalytic Properties 
(Relevant paper: IV) 
The mechanistic understanding from homogeneous catalysis was so far used as 
guidance for the development of the ligand-functionalized Pt NP catalysts. However, 
homo- and heterogeneous catalysts are distinctively different materials. Metalorganic 
catalysts consist of a single metal atom surrounded by ligands. In contrast, the surface 
of a NP is formed from several atoms that differ in terms of geometric and electronic 
properties and these further change with particle size. As a result, ligands bound to 
different surface atoms can also be chemically and catalytically different. This may lead 
to unpredictable effects on the activity and selectivity when changing the particle size.  
To explore the effect of particle size a β-ketoester (ethyacetoacetate (EAA)), was used 
as a test reactant (see Fig. 21), for which high ees can be obtained with homogeneous 
catalysts.[96, 98]  
 
Figure 21: Catalytic hydrogenation of ethylacetoacetate. The reaction proceeds chemoselective to ethyl (R)-3-







This reaction was a first step towards higher stereoselectivity. When being 
hydrogenated with PRO-Pt NPs an ee of 34% was obtained. In contrast to 
acetophenone (see Fig. 16) EAA does not represent a chemoselective problem, 
because only the keto group is reactive, while the ester group is unreactive under the 
applied reaction conditions.[99] As described above (Section 4.3) different particle sizes 
can be synthesized by varying the OH- concentration within the particle synthesis.[66] 
In order to investigate the effect of particle size “ligand-free” and PRO-functionalized 
particles with a size of 1.2 ± 0.3 and 2.1 ± 0.5 nm were prepared. Both particle sizes 
are in the mitohedrical region below 5 nm, where the ratio of low to highly coordinated 
surface atoms changes strongly.[100] The two particle sizes are thus suitable to 
























































































Figure 22: Formation rates for the hydrogenation of ethylacetoacetate normalized to the number of Pt surface 
atoms. The hydrogenation was performed over “ligand-free” (red), L-PRO-Pt (blue) and D-PRO-Pt NPs (green) with 
particle sizes of 1.2 nm (left) and 2.1 nm (right). The functionalization with PRO slightly reduces the activity of the 
larger particles, while the activity for the smaller ones remains constant. Additionally the larger particles are more 
active than the smaller ones. All experiments were performed in autoclaves with 1 mL ethylacetoacetate, 9 mL THF, 
and 200 mg catalyst. The reaction pressure was 20 bar H2, the reaction temperature 298 K, and the stirring speed 





The formation rates normalized to the number of Pt surface atoms (see Fig. 22) for the 
hydrogenation of EAA clearly demonstrate that the particle size alters the activity. The 
activity (normalized to the number of surface atoms) for “ligand-free” Pt NPs increases 
by a factor of 2.7 by increasing the particle size from 1.2 to 2.1 nm. For PRO-Pt NPs 
still a 1.7 fold enhancement is observed. This findings has been previously reported 
for the hydrogenation of carbonyls over Pt NPs and related to decarbonylation of the 
reactant by low-coordinated surface atoms.[101] Thus formed CO can strongly bind to 
such low-coordinated Pt and poison them.[102] To validate this explanation IR 
spectroscopic measurements were performed before and after exposure of PRO-Pt 
NPs to reaction conditions (see Fig. 23).  


















Figure 23: IR spectra of PRO-Pt NPs supported on a SI wafer recorded before (black) and after hydrogenation 
reaction (red). After hydrogenation reaction a further band at 2016 cm-1 is observed that can be related to linear 
adsorbed CO on Pt. [98] – Reproduced by permission of The Royal Society of Chemistry. 
 
After reaction an additional band appears around 2016 cm-1 that is characteristic for 
the stretching mode of CO adsorbed on Pt.[76] The formation of CO is thus confirmed 





activity. As described above (Section 4.3) the position of the CO band gives information 
about the CO coverage. The singleton frequency for adsorbed CO was determined to 
be 2017 cm-1.[73] It can thus be assumed that the CO is isolated on the surface, which 
in turn fits with the high ligand coverages determined for PRO (see Tab. 3).  
Comparison of “ligand-free” and PRO-functionalized particles shows for the smaller 
particles nearly the same activity although during functionalization around 80-85% of 
surface atoms are expected to be blocked by ligands. As described in Section 5.1 an 
electronic effect by binding amine ligands can be excluded.[57] This underlines that also 
for EAA the N-H assisted reaction pathway occurs (see Fig. 20), which proceeds with 
a higher rate than the purely metal-catalyzed reaction.[95-96] In contrast to small 
particles, on larger particles a decrease in activity is obtained by functionalization with 
PRO. As described above the binding of ligands to surface atoms reduces the number 
of surface atoms which participate within the reaction. On larger particles an even 
higher ligand coverage of 93-96% is obtained (compare Table 3), which can explain 
the reduced reaction rate.  
Table 3: Enantiomeric excess and ligand coverage for the hydrogenation of ethylacetoacetate over ligand-
functionalized Pt NPs of different particle size. For functionalization L-PRO and D-PRO were used (see top of table 
for catalyst structure). With increasing particle size the ligand coverage increases. A positive ee corresponds to an 
excess in formation of ethyl (R)-3-hydroxybutyrate and a negative ee to an excess of ethyl (S)-3-hydroxybutyrate 
(see Fig. 21). The change of particle size has no effect of enantioselectivity. Different ligand configurations lead to 
an enatioselectivity of same magnitude, but with change in product configuration, as indicated by the algebraic sign. 
All experiments were performed in autoclaves with 1 mL ethylacetoacetate, 9 mL THF, and 200 mg catalyst. The 
reaction pressure was 20 bar H2, the reaction temperature 298 K, and the stirring speed 800 rpm. The conversion 
was kept below 10%. [98] – Reproduced by permission of The Royal Society of Chemistry. 
 
The high coverage of PRO on the Pt NPs (see Tab. 3) diminishes the probability that 





can be assumed to be isolated, as indicated by the IR spectroscopic findings. A purely 
metal catalyzed reaction on PRO-Pt NPs can thus been excluded, because 
hydrogenation reactions are expected to require two adjacent surface atoms. One 
surface atom is needed for the activation of EAA and an adjacent surface atom for the 
activation of hydrogen.[103] The above discussed N-H mechanism (see Fig. 20) known 
from homogeneous catalysis requires only one free adsorption site for the activation of 
molecular hydrogen. However, in contrast to the labile ligand sphere of a metal-organic 
compound Pt NPs have a rigid surface and every surface atom exhibits adjacent metal 
atoms. It seems thus unlikely that only one single surface atom to which a ligand is 
bound is able to perform the different reaction steps needed for the postulated 
mechanism. Instead, it is more likely that a bare Pt surface atom is required adjacent 
to the ligand-binding atom in order to bind and activate hydrogen (see Fig. 24). This in 
turn means that due to the high ligand coverage of PRO-Pt NPs the reaction is limited 
by the availability of “ligand-free” surface atoms. In this way the moderate decrease in 
activity for large particles upon functionalization with PRO can be explained based on 
the ligand coverage (see Tab. 3), while no effect was found for the small particles.  
 
Figure 24. Extended N-H assisted reaction pathway on a “ligand-blocked-ligand-free” pair site. The carbonyl-C of 
the reactant interacts with the Pt bound hydride and the oxygen with the amine bound hydrogen (step 1). The 
reactant gets hydrogenated (step 2). Then molecular hydrogen is adsorbed and heterolytically dissociated (step 3), 





So far only activities have been discussed. The comparison of the enantioselectivities 
obtained for the two particle sizes reveals that the particle size does not alter the 
enantioslectivity (see Tab. 3). This can be explained by the proposed extended N-H 
assisted reaction pathway. It is assumed that the reactant is not in direct contact with 
the metal surface. Changes in the surface properties do thus not necessarily influence 
the reaction, and the stereoselectivity is primarily determined by the ligand-reactant 
interaction, similar as in homogeneous catalysis. In contrast to this finding, the chiral 
modifier system shows a strong particle size dependence for the enantioselectivity.[104] 
The ee increases with particle size. In these systems the reactant and modifier have 
to adsorb in a flat-lying mode on the particle surface, which occurs preferably on large 
particles with extended surfaces.[105] 
A further interesting finding was obtained as the ligand configuration was changed. 
The absolute ee values are the same irrespective of the ligand configuration, but 
product configuration is inverted (see Tab. 3). This finding is similar to homogeneous 
catalysis[106] and the modifier systems[107] where the product configuration can also be 
controlled by ligand configuration.  
Overall, the discussed findings for the stereoselective control suggest that primarily the 
ligand-reactant interaction determines the stereoselective control. This result is of 
significant importance, because it shows that ligand-functionalized NPs are less 
complex than chiral modifiers, where e.g. the particle size has a strong influence. 
Furthermore, it reveals that the search for systems with enhanced stereoselectivities 
can be reduced to find ligand-reactant combinations with a perfect fit.  
 
6.3 Optimization of Functionalization for Catalytic Applications 
The ligand-reactant interaction has been elucidated as the key for the control of 
stereoselectivity. A ligand-controlled reaction can, however, only be effective if 
background reactions, proceeding on the bare metal surface, are suppressed. In 
Section 6.1 it was discussed that the ligand coverage determines the chemoselectivity. 
N-methyl PRO-Pt NPs with a ligand coverage of 0.4 lead to a chemoselectivtiy of 81%, 
while PRO-Pt NPs with a higher ligand coverage of 0.85 are 100% chemoselective.[84] 
It was concluded that the chemoselectivity increases with ligand coverage and remains 





by ligands. A high coverage is necessary to guaranteed 100% chemoselectivity. In 
Section 6.2 it was described that the ligand coverage determines the activity. Here both 
investigated ligand coverages were so high that a purely metal-catalyzed reaction 
pathway was inhibited. A higher coverage led only to a decrease in activity as the 
number of “ligand-free” surface atoms, needed for H2 activation, is further reduced.[98] 
The ligand concentration within the functionalization step is thus an important 
parameter which determines the ligand coverage and in this way the selectivity. The 
functionalization of NPs with amino acids proceeds in a basic aqueous solution (NaOH) 
to ensure deprotonation of the amino group. The free electron pair of the amino group 
is required to form the metal-ligand bond. However, at high NaOH concentrations 
within the functionalization, OH- can act as a ligand and compete with PRO.[108] Thus, 
besides the ligand concentration, also the OH- concentration is an essential parameter 
for the binding of the ligands to the particle. To investigate the influence of the 
functionalization on the activity and enantioselectivity, hydrogenation experiments 
were performed with different PRO-Pt NP samples. PRO was chosen due to the best 
catalytic results so far. As a model reaction the hydrogenation of the simplest β-
ketoester, methylacetoacetate (MAA) was used (see Fig. 25).  
 
Figure 25: Catalytic hydrogenation of methylacetoacetate. The reaction proceeds chemoselective to methyl (R)-3-
hydroxybutyrate and methyl (S)-3-hydroxybutyrate. 
 
In order to determine the optimal ligand to OH- ratio for the ee, PRO-Pt NPs 
functionalized with different PRO concentrations and two different NaOH 
concentrations (25 mM, 30 mM) were investigated for the hydrogenation of MAA (see 












 25 mM OH
-





















Ligand Concentration (mM)  
Figure 26: Hydrogenation experiments of methylacetoacetate with different functionalized PRO-Pt NPs. The 
functionalizations were performed with two fixed OH- concentration of 25 (black) and 30 (green) mM and different 
ligand concentrations. The experimental error for the ee is ±1%. All experiments were performed in autoclaves with 
1 mL methylacetoacetate, 9 mL THF, and 200 mg catalyst. The reaction pressure was 20 bar H2, the reaction 
temperature 298 K, and the stirring speed 800 rpm. The conversion was kept below 10%. 
 
As described above, both concentrations depend on each other. It is not the ligand 
concentration that determines the ligand coverage, but the concentration of 
deprotonated ligands and the remaining OH- ions. For both investigated OH- 
concentrations (see Fig. 26) a ligand to OH- ratio of 0.5 during functionalization was 
found to give the best ees (~ 38%). Under these conditions the ligands are effectively 
deprotonated and the OH- concentration is low enough so that OH- does not effectively 
compete with the ligand for binding sites at the particle surface.  
In the next step the ligand and the NaOH concentration were both varied, but at 
constant ratio of 0.5 ligand to NaOH. The resulting effect on the activity and ee is shown 














































Ligand Concentration (mM)  
Figure 27: Formation rates normalized to the number of all Pt surface atoms (left axis) and enantioselectivities (right 
axis) for the hydrogenation of methylacetoacetate. The hydrogenation was performed with different functionalized 
PRO-Pt NPs. The ligand and the NaOH concentration were simultaneously varied in the functionalization, but at 
constant ligand to NaOH ratio of 0.5 (best results in Fig. 26) and a fixed metal content in order to get the optimal 
ligand to metal ratio. The experimental error for the ee is ±1%. All experiments were performed in autoclaves with 
1 mL methylacetoacetate, 9 mL THF, and 200 mg catalyst. The reaction pressure was 20 bar H2, the reaction 
temperature 298 K, and the stirring speed 800 rpm. The conversion was kept below 10%. 
 
A volcano-like plot was obtained with increasing ligand concentration (constant ratio of 
0.5 ligand to NaOH) for the reaction rate. First the reaction rate increases with ligand 
concentration, as the NH-assisted pathway gets more favored, which proceeds with a 
higher rate than the purely metal-catalyzed reaction. At a certain ligand coverage the 
purely metal-catalyzed reaction pathway is completely suppressed and the reaction 
becomes limited by the availability of “ligand-free” surface atoms, needed to activate 
hydrogenation (see Fig. 27). As a result the activity decreases as the ligand coverage 
is further increased. In contrast, the enantioselectivity increases with decreasing 
probability of the purely metal catalyst reaction pathway and remains constant when 
this pathway is suppressed. The highest ees were obtained for a ligand concentration 
of 16 mM and higher. This concentration reflects the optimal preparation conditions to 
achieve the ligand density required for obtaining the best stereoselective control. From 
this point on only the activity continues to decrease as the ligand concentration is 






In addition to the ligand concentration also the OH- concentration may influence the 
performance of the catalyst as described above. However, from previous studies it is 
known that beside the ligand also OH- can bind to the particle surface and both may 
compete for binding sites. In order to determine the influence of the OH- concentration, 
ligand solutions with the optimized ligand concentration (16 mM) but different NaOH 
contents were used to prepare differently functionalized PRO-Pt NPs. The resulting 
effects on the catalytic performance are shown in Figure 28.  
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Figure 28: Hydrogenation experiments of methylacetoacetate with different functionalized PRO-Pt NPs. The 
functionalizations were performed with a fixed ligand concentration of 16 mM and different OH- concentrations. The 
experimental error for the ee is ±1%. All experiments were performed in autoclaves with 1 mL methylacetoacetate, 
9 mL THF, and 200 mg catalyst. The reaction pressure was 20 bar H2, the reaction temperature 298 K, and the 
stirring speed 800 rpm. The conversion was kept below 10%. 
 
The ee, as well as the activity, show a volcano-like dependence on the NaOH 
concentration. First, the base is necessary to deprotonate the amino group, which 
enables for an effective binding of the ligand to the surface. This effect is reflected by 
the increase in activity and selectivity. However, at OH- concentration of 40 mM and 
higher the ee decreases. The same trend but slightly shifted to higher NaOH 
concentrations is obtained for the activity. This shows the starting competition between 
OH- and PRO for binding sides leading to a decrease in activity and selectivity.  
It could be shown that by optimizing the functionalizing conditions the enantiomeric 





This trend should also hold for other ligands. However, it has to be considered that 
every ligand has different pKs values for the deprotonation of the amino group (see 
Fig. 29). The acid-base properties differ and should affect the functionalization with 
these ligands.  
 
Figure 29: Ligand structures for the investigation of functionalization conditions.  
 
To test for this hypothesis a ligand that differs only in ring size to PRO, thus exhibiting 
a similar pKs value (see Fig. 29b), and ligands of clearly different pKs values were 
tested (29c-e). To receive a trend which represent mainly the change in pKs values, 
ligands with similar structures were chosen.  
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Figure 30: Hydrogenation experiments of methylacetoacetate over different ligand-functionalized Pt NPs. The 
functionalizations were performed with a fixed ligand concentration of 16 mM and different OH- concentration. The 
experimental error for the ee is ±1%. All experiments were performed in autoclaves with 1 mL methylacetoacetate, 
9 mL THF, and 200 mg catalyst. The reaction pressure was 20 bar H2, the reaction temperature 298 K, and the 
stirring speed 800 rpm. The conversion was kept below 10%. 
 
The results (see Fig. 30) for the different ligands show the same trend as PRO-





the maxima in activity and enantioselectivity shift to different OH- concentrations (see 
Tab. 4).  
Table 4: Summary of the pKs values and OH- concentration necessary for the highest TOF and ee of different 










Prolin 10.60 60 97 40 39 
Pipecolic acid 10.39 60 101 40 27 
Alanin 9.87 30 138 40 20 
Serin 9.15 30 12 30 7 
Threonin 9.00 10 18 20 14 
 
For PRO, which exhibits the highest pKs value of all investigated ligands, the highest 
ee was obtained with 40 mM OH- and the highest TOF with 60 mM OH-. Threonine, 
which exhibits the lowest pKs value required only 20 mM OH- for the best ee and 10 
mM OH- for the highest TOF. This could be explained by the need of different 
concentration of OH- to deprotonate the ligand and to ensure an effective binding to 
the surface. The binding concept for PRO can thus be transferred to other ligands. 
However, as shown it is necessary to optimize the functionalization conditions for each 
ligand in order to identify the best preparation conditions before catalytic performances 
are tested. 
 
6.4 Structure-activity and Structure-selectivity Correlation in the Hydrogenation 
of a β-ketoester with PRO-Pt NPs 
(Relevant paper: V) 
A rational design of highly stereoselective ligand-functionalized heterogeneous 
catalyst can only be achieved if the underlying mechanistic details of the asymmetric 
control are elucidated. In Section 6.2 it was mentioned that the stereoselectivity is 
mainly determined by the ligand-reactant interaction, analogous to the basic principles 
of asymmetric homogeneous catalysis.[98] It thus seems reasonable, to test if general 
concepts from homogeneous catalysis may be transferable to ligand-functionalized 
NPs. In homogeneous catalysis the stereoselective control is mainly determined by 





Steric interactions, for example, steric attraction or steric hindrance and repulsion, can 
generate a restricted and privileged orientation of the reactant. In addition, attractive 
electronic interactions such as hydrogen bonding and/or π-π-stacking can fix the 
reactant in a confined orientation, favoring the formation of one of the two enantiomers.  
Reactant and ligand structure were changed to determine their influence on the activity 
and the stereoselectivity and to develop an interaction model.[109] These studies were 
started with the hydrogenation of MAA the simplest β-ketoester. The keto group is 
catalytically hydrogenated while the ester-group can cause steric and/or secondary 
interactions. To clarify the role of the additional functional group, hydrogenation 
experiments have been performed for two further ketones of similar structures but 
without additional functional group (see Fig. 31). 
 
Figure 31: Studied catalytic hydrogenation reactions of different ketones. The different structures allow an empirical 
structure-activity and structure-selectivity investigation. Acetylacetone (ACAC) reacts in two hydrogenation steps. 
Here only the monohydrogenation is of interest.  
 
The catalytic hydrogenation of these reactants (acetylacetone (ACAC) will discussed 







                      
 
Figure 32: Formation rates normalized to the total number of Pt surface atoms and free surface Pt atoms for the 
hydrogenation reactions of the different ketones shown in Figure 31 (ACAC will discussed further below). The 
results for the reaction with “ligand-free” Pt are shown in a) and the results with PRO-Pt NPs are shown in b) and 
c). Enantioselectivites are shown as values above the bars. MAA shows by functionalizing the Pt NPs with PRO in 
contrast to HEP and MPE a significantly enhance rate. The experimental error for the ee is ±1%. All experiments 
were performed in autoclaves with 200 mg catalyst. The reaction pressure was 20 bar H2, the reaction temperature 
296 K and the stirring speed 800 rpm. For activity experiments 1 mL reactant and 9 mL dioxane was used and the 
conversion was kept below 10%. For ee experiments 0.5 mL methylacetoacetate and 4.5 mL dioxane was used. 
 
The catalytic activities for the hydrogenation of 2-heptanone (HEP) and 4-methyl-2-
pentanone (MPE) over “ligand-free” Pt NPs are significantly higher than that of MAA 
(see Fig. 32a). The linear HEP shows a 4 times higher and MPE a 2 times higher 
formation rate than MAA. As the steric demand of HEP and MPE is comparable to that 
of MAA, a possible explanation is that the smaller hydrogenation rate for MAA is related 
to the presence of the ester group that lowers the reactivity of the keto group. MPE 
has, in comparison to HEP a branched substituent. Increasing bulkiness near the 
reactive group lowers the accessibly of the keto group and so the adsorption on the 
metal surface is hindered, which leads to a decrease in activity.  
The functionalization of the Pt NPs with PRO altered the activities significantly (see 
Fig. 32b). To discuss the rates of functionalized Pt NPs it has to be considered that 
only “ligand-free” surface atoms are involved in the hydrogenation reaction. Thus, the 
rates have to be normalized by the number of “ligand-free” surface atoms (see Fig. 
32c).[57] This shows that the rate for MAA by functionalizing with PRO is strongly 
enhanced by a factor of ten. As discussed above this activity enhancement induced by 





hydrogen substituents.[84, 95-96] For HEP and MPE, the rates remain nearly constant 
upon functionalization with PRO. This indicates that the ester group plays an essential 
role for the activation and the resulting pronounced rate enhancement effect.  
The changes in stereoselectivity over PRO-Pt NPs for MPE (21%) and HEP (15%) 
may be explained by small structural differences and resulting different steric 
interactions. In comparison, the enantioselectivity for MAA is significantly higher (39%). 
This suggests that also for the stereoselective control the ester group may be 
important. As HEP, MPE, and MAA exhibit similar steric demand the enhanced 
stereoselectivity for MAA is concluded to be related to an electronic interaction 
between the PRO ligand and the ester group of MAA.  
PRO exhibits two functional groups, which are suitable to interact with the reactant: i) 
the amino, and ii) the carboxyl group. To identify the interacting group in PRO and to 
develop an interaction model, different amine ligands were investigated for the 
hydrogenation of MAA (see Fig. 33).  
 
Figure 33: Formation rates and enantioselectivites for the hydrogenation of methylacetoacetate (MAA) with “ligand-
free” and different ligand-functionalized Pt NPs (see top of diagram for catalyst structure). These results identify the 
relevance of kind and position of the functional group in the ligand. With PRO and Pipecolic acid significant 
enantioselectivies are achieved. The experimental error for the ee is ±1%. All experiments were performed in 
autoclaves with 200 mg catalyst, 1 mL methylacetoacetate, and 9 mL dioxane. The reaction pressure was 20 bar 





All ligands, irrespective of the nature and position of their functional groups, show a 
rate enhancement compared to the “ligand-free” Pt NPs. For this effect, presumably, 
only the amino group is involved. For the asymmetric control, however, the position 
and the nature of the functional groups is important. Only with PRO and its 6-ring 
analogue high ees were achieved. Two types of interactions between the ester group 
and the PRO ligand can be determined from the influence of the ligand structure on 
the activity and selectivity: 
1. The ester group interacts with the amine proton, leading to pronounced 
activation. 
2. The ester group interacts with the carboxyl group, generating a strong 
asymmetric bias. 
Based on these conclusions the two interaction models shown in Figure 34 can be 
postulated. 
 
Figure 34: Interaction model proposed by the hydrogenation of different ketones over PRO-Pt NPs and the 
hydrogenation of methylacetoacetate with an ether-ligand. In addition to the interaction between the amino group 
of the ligand and the keto group of the reactant (“N-H effect”), the ester group of the reactant is involved in the 
activation (additional interaction). A further interaction between the ester (OMe (a) or C=O (b)) and the carboxyl 
proton of the ligand leads to a rigid 2-point binding.  
 
The interaction modes lead to a so-called 2-point binding of the reactant with the ligand. 
As known from homogeneous catalysis, such bindings reduce the conformational 
flexibility and strengthen the asymmetric bias.[110] 
In order to determine which part of the ligand actually interacts with the ester group 
and to validate which of the two models is more likely to describe the ligand-reactant 
interaction in Figure 34, ACAC was applied as a test reactant. ACAC exhibits two 
carbonyl groups, but no alkoxy substituent. Both carbonyl groups are reactive for 





first hydrogenation is of interest and the second step complicates determination of the 
activity. Because of that only the stereoselectivity for the product of the first 
hydrogenation step is discussed here. The stereoselectivity for ACAC is 20%. This 
result is similar to that obtained for MPE (21% ee, see Fig. 32) that exhibits a methyl 
group at the position where ACAC has the second keto group. In contrast, it differs 
significantly from the stereoselectivity achieved for MAA (39% ee) with the ester group 
in β-position. The carbonyl group in ACAC thus behaves rather like a methyl group and 
only steric interactions may influence the enantioselective control. This indicates that 
the alkoxy group of MAA is the interaction partner for the carboxyl group of PRO, 
leading to an enhanced stereoselective control. The mode on the left of Figure 34 is 
hence more likely to describe the interaction between MAA and PRO. 
The different ligand structures show that a functional group in α-position is essential 
for stereoeselective control. The results for the hydrogenation of α-, β- and γ-ketoesters 
are shown in Figure 35. 





























































                                
Figure 35: Formation rates for the hydrogenation of methylpyruvate (MP), methylacetoacetate (MAA) and 
methyllevulinate (ML) on “ligand-free” Pt NPs (left) and PRO-functionalized Pt NPs (right). The hydrogenation of 
MP and MAA show a significantly enhanced rate when using PRO-Pt NPs in comparison to “ligand-free” Pt NPs. 
Only with MAA an enantioselective control (39% ee) could be achieved. The experimental error for the ee is ±1%. 
All experiments were performed in autoclaves with 200 mg catalyst. The reaction pressure was 20 bar H2, the 
reaction temperature 296 K, and the stirring speed 800 rpm. For activity experiments 1 mL reactant and 9 mL 
dioxane was used, and the conversion was kept below 10%. For ee experiments 0.5 mL reactant and 4.5 mL 





The hydrogenation of α-, β- and γ-ketoesters demonstrate that the position of the ester 
group influences the activity and enantioselectivity. Methylpyruvate (MP) shows a 
significantly higher formation rate for the hydrogenation over “ligand-free” Pt NPs then 
MAA and methyllevulinate (ML). This high formation rate can be attributed to the 
immediate proximity of the electron withdrawing ester group to the carbonyl group and 
a different steric demand. The same activity trend is observed for the hydrogenation of 
the three ketoesters over PRO-Pt NPs. The rates of MP and MAA show a rate 
enhancement by functionalizing with PRO compared to the “ligand-free” NPs (1.4 and 
1.6 times higher activity). In case of ML, the activity decreases, but it has to be 
considered that only ligand-free surface atoms are contributed to the reaction. The 
decrease in rate enhancement from MAA, MP to ML may be attributed to the distance 
between the ester and the carbonyl group of the reactant. The distance in ML seems 
to be too long to facilitate participation of both groups in the reaction (see Fig. 36, ML 
is shown in the simplified staggered confirmation).  
 
Figure 36: Possible interaction models for the rigid ligand-reactant interaction, between PRO-ligand and MP and 
ML reactant. Both reactants show no optimal interactions. 
 
MP and ML show compared to MAA poor stereoselectivities (see Fig. 35). The longer 
or shorter distance between the ester and the keto group of the reactant causes a 
strong deviation from the optimal interaction mode between ligand and reactant. As a 
result, the desired 2-point binding mode is less likely to be formed, explaining the lower 
ees. This suggests that an ester group in α- or β-position is of importance for obtaining 
a pronounced ligand-acceleration effect, but a strong asymmetric bias is only achieved 





Using this interaction model, it should be suitable to predict the preferentially formed 
product configuration. Due to the binding with L-PRO, one enantiotopic faces (si face) 
of the carbonyl group of MAA is oriented towards the metal surface and the other one 
(re face) towards the reaction medium (see Fig. 37).  
 
Figure 37: Hydrogenation pathways for methylacetoacetate on L-PRO-functionalized Pt. The more likely 
nucleophilic attack of H- to the carbonly carbon from the metal side leads to the product with R-configuration (top). 
In contrast, forming the S-product from the proposed ligand-reactant interaction mode, requires a hydride attack on 
the reactant face that points towards the reaction medium. 
 
The hydrogenation proceeds via hydride transfer from the metal surface to the prochiral 
C-atom and proton transfer from the amine to the O-atom.[98] As the hydride will 
preferentially attack the reactant at the face that points to the surface, the resulting 
alcohol should preferentially exhibit R-configuration. This proposing correlates with the 






6.5 Increase in Enantioselectivity by Controlling the Steric Demand of β-
ketoesters 
(Relevant paper: V) 
In the previous section, it was shown that the control of enantioselectivity lies in the 
formation of a stabilized 2-point binding between the prochiral reactant and the chiral 
ligand.[109] This binding can be formed using a β-ketoester and an α-amino acid. In the 
following it is shown how the application of this model allows for further enhancing the 
enantioselectivity by a rational reactant choice.  
Stereoselectivity is generated by the interaction of a prochiral reactant with a chiral 
ligand. This leads to two diastereotopic reaction pathways with different transition 
states of different free energies. The simplified assumption that the difference between 
the activation energies of these transition states determines the resulting ee is not 
valid, because both intermediates are quasi-equilibrated. Instead the ee is primarily 
determined by the difference in free activation energy (ΔΔG‡) of the respective two 
diastereomeric transition states (see Fig. 38), a phenomenon related to as the Curtin-
Hammett principle. For this reason, the key to increase the ee is to stabilize the lower 
lying transition state and/ or to destabilize the higher lying transition state.[52]  
 
Figure 38: Schematic energy profile for the hydrogenation of MAA over PRO-Pt NPs. According to the Curtin-
Hammett principle, the ee is determined by ΔΔG±. In our case it was experimentally shown that the R-product is 
preferentially formed.  
 
The interaction mode in Figure 34a describes rather the adsorption complex, but not 
the transition state of the reaction. As the hydrogenation of ketones is highly exergonic, 
the adsorption state will closely reflect the transition state (Hammond’s postulate).[111] 
In the present case, the diastereotopic transition states that leads to the R-enantiomer 





diastereotopic counterpart is obtained by rotation 180° along the N-H bond. This 
binding leads to the product with the opposite configuration (S-enantiomer, see Fig. 39 
on the right). 
 
Figure 39: Different binding situations in the hydrogenation of a β-ketoester with PRO-Pt NPs. Beside the 2-point 
binding, which leads to the R- enantiomer, a 1-point binding is possible, leading to the S- enantiomer. The 
numbering of the alcohol conform to the Cahn-Ingold-Prelog convention.  
 
Product analysis revealed that the product with R-configuration is the preferentially 
formed product. Thus, the transition state with the lower free activation energy has to 
be the one on the left of Figure 40. To increase the ee this transitions state has to be 
further stabilized or the transition state that leads to the S-product (Figure 40 right part) 
has to be destabilized.  
 
Figure 40: Energyprofile for the enantioselective hydrogenation of MAA over PRO-PT NPs. The difference in free 
activation energy (ΔΔG±) determines the ees. The red curve represent the stabilizing of the desired 2-point binding 
and the green line the destabilizing of the undesired one-point binding, resulting both in an ee enhancement.  
 
In homogeneous catalysis the key to enhance stereoselectivity is to manipulate the 





interaction was already taken into account (see Fig. 39). Hence, steric interactions 
remain as the sole possibility to manipulate the free activation energies of the transition 
states. Therefore, the steric demand of the reactant’s substituents was varied (see Fig. 
41).  
 
Figure 41: Enantioselectivities from various β-ketoesters with different chains tested in the hydrogenation with PRO-
Pt NPs. By varying the steric demand of the reactant the enantioselectivity could be improved from 39% for MMA 
to 73% for MDOP. The experimental error for the ee is ±1%. All experiments were performed in autoclaves with 200 
mg catalyst, 0.5 mL reactant, and 4.5 mL dioxane. The reaction pressure was 20 bar H2, the reaction temperature 
296 K, and the stirring speed 800 rpm. The experiments were run to full reactant conversion. 
 
Changes of the alkyl chain on the ester side (R´´, green highlighted in Figure 41) should 
primarily effect the 2-point binding (see Fig. 39a). More steric demand will hinder the 
interaction between the reactant’s alkoxy and the ligand’s carboxyl group. As a result 
the desired 2-point binding mode is destabilized. An extension of the chain leads to a 
small improvement of ee from 39% for MAA to 42% for butylacetoacetate (BAA). Due 
to their flexibility, the alkyl substituents may rearrange to minimize repulsive steric 
interactions. However, if bulkier rigid groups with more steric demand are applied the 
ee eventually decreases to 35% (tert-butyl acetoacetate (TBA)), as these substituents 
cannot rearrange and thus destabilize the desired 2-point binding mode.  
In contrast, if sterically more demanding groups are introduced on the other side of the 
reactant (R´, red highlighted in Figure. 41) the undesired 1-point binding mode (Figure 
39b) is expected to be destabilized, which should lead to an improvement of the ee. 
Here already the extension of the chain length results in an increase of ee from 39% 
for MAA to 64% for methyl 3-oxoheptanoate (MOHp). A higher steric demand by 
introduction bulkier group leads to a further increase from 67% for methyl 





This huge improvement is not only a new stereoselectivity record for supported ligand-
functionalized NPs. It further demonstrates that general guiding principles from 
homogeneous catalysis can be transferred to supported catalysts. This reveals a yet 
unexplored potential to tune the catalytic properties of heterogeneous catalysts. Based 
on these encouraging results, it is her proposed that the functionalization of NPs with 
ligands will eventually allow for the design of asymmetric heterogeneous catalysts that 
should become competitive to tailored homogeneous catalysts. 
 
7. Stability of Supported PRO-Pt NPs 
(Relevant paper: V) 
A heterogeneous catalyst is not soluble in the reaction medium. One significant 
economic and ecological advantage over homogeneous catalyst is, therefore, the 
possibility to recover the catalyst by filtration, as mentioned in the introduction. 
Experiments that were performed with PRO-Pt NPs previously showed that recycling 
does not alter the chemoselectivity, but the stereoselectivity decreases.[84] In Section 
6.3 the catalyst preparation was optimized and in this way also the stereoselectivity. In 
order to investigate how the new catalyst preparation protocol affects the recyclability 
the recycling experiment have been repeated.[109]  
PRO-Pt NPs were prepared by the new functionalization conditions and used for the 
hydrogenation of MAA (1st run). The catalyst were recovered by filtration after full 
conversion, dried at ambient conditions and again used as a catalyst (2nd run) for MAA 
hydrogenation. This recycling procedure was repeated a second time (3rd run). The 
two recovering cycles (see Tab. 5) reveal that the ees do not change significantly from 
the first run. 
Table 5: Enantioselectivities for methylacetoacetate over PRO-Pt NPs (1st run) and recycled supported PRO-Pt 
NPs (2nd and 3rd run). The comparison of these results show that there is no significant change in ee, when the 
catalyst is recycled two times. All experiments were performed in autoclaves with 200 mg catalyst, 0.5 mL reactant, 
and 4.5 mL dioxane. The reaction pressure was 20 bar H2, the reaction temperature 296 K, and the stirring speed 
800 rpm. The experiments were run to full reactant conversion. 
 1st run 2nd run 3rd run 






The new catalyst preparation protocol thus seems to generate more stable catalysts, 
which allows now a recycling without significant changes in stereoselectivity. 
 
8. Conclusion 
In the present work a synthetic approach was applied that allows for an independent 
control of the catalytically most relevant material properties (particle, ligand, and 
support). Stabile colloidal NPs were prepared without using any strongly binding 
surfactants. The surface chemistry of these NPs was analyzed using NMR and IR 
spectroscopy revealing that the particles are stabilized by CO and OH-. Because the 
synthesis does not require strongly binding surfactants and both surface species, OH- 
and CO, are easily replaced by more strongly binding molecules, these particles are 
referred to as “unprotected” NPs. “Unprotected” NPs can be used as building blocks to 
prepare tailored ligand-functionalized NPs. 
Bare nanoparticles exhibit no chiral information. To achieve enantioselective 
hydrogenations of prochiral reactants a chiral element has to be introduced. In this 
work, the use PRO as a ligand was demonstrated to be particularly advantageous. The 
successful binding of PRO to the particle surface was confirmed by NMR-
measurements. After deposition onto Al2O3 the supported ligand-functionalized NPs 
were used as heterogeneous catalyst for the hydrogenation of acetophenone. Catalytic 
investigation showed that PRO-Pt NPs, in comparison to “ligand-free” Pt NPs afford 
excellent chemoselectivities for the hydrogenation of the carbonyl group. Upon binding 
of PRO to the metal surface, these surface atoms are proposed to be blocked and 
ensembles of adjacent surface atoms are diluted. This suppresses the undesired 
hydrogenation of the phenyl ring. Although the binding of ligands blocks surface atoms 
the reaction rate was found to be enhanced when “ligand-free” NPs are functionalized 
with PRO. This increase in activity cannot be attributed to the blocking of large 
ensembles in favor of small ones. Instead a mechanism known from homogeneous 
catalysis as the “N-H effect” was concluded to proceed on PRO-Pt NPs. The hydrogen 
substituent at the amino group of PRO becomes acidic upon binding to Pt. This proton 
activates the reactant’s C=O group leading to an alternative reaction pathway with an 





The hydrogenation of acetophenone with PRO-Pt NPs gave a quite low ee of 14%. A 
significant improvement to 34% ee was achieved when changing the reaction to the 
hydrogenation of EAA. This value was sufficiently high to investigate the influence of 
particle size and ligand configuration on catalytic properties. It could be shown that the 
particle size alters only the activity but not the stereoselectivity. Also the ligand 
configuration has no influence on the absolute value of the ee. This suggests that the 
stereoselectivity does not depend on particle size, but it is determined by the ligand–
reactant interaction. 
To shed light onto the ligand-reactant interaction and to enhance stereoselectivities a 
structure-activity and structure-selectivity investigation was performed. By varying 
ligand and reactant, it could be shown that the combination of an α-amino acid and a 
β-ketoester results in a stabilized 2-point binding, which leads to an enhanced 
stereoselective control. The application of basic principles from asymmetric 
homogeneous catalysis to this model led to an increase of the ee to 73% by rational 
reactant choice. 
The findings presented in this work demonstrate the ability to transfer principles from 
homogeneous to heterogeneous catalysis by functionalization of NPs with ligands. In 
this way, highly chemo- and stereoselective as well as stable catalysts can be 
designed. While in heterogeneous catalysis selectivity enhancements are usually 
accompanied by a loss of activity, the use of ligands was demonstrated to allow for 
improving activity and selectivity simultaneously. The application of ligands for 
supported catalysts hence serves as a novel approach with yet unknown potential to 
tune the catalytic performance of heterogeneous catalysts. 
 
9. Outlook 
The successful functionalization of Pt NPs with amino acids and derivatives as a 
promising novel approach for chemo- and stereoselective heterogeneous catalysis has 
been demonstrated in this work. The effective combination of the chemo- and 
stereoselective control could be shown recently for the hydrogenation of ethyl 3-oxo-
3-phenylpropanoate (EOPP),[109] a β-ketoester with a phenyl substituent. These 
findings pave the way to a novel and more complex pool of reactants, being of interest 





will expand the pool of reactants, could be β-ketoamides, the analog to β-ketoesters, 
as this reactant class should also lead to the desired 2-point binding.  
In order to confirm and get further evidence for the postulated ligand-reactant 
interactions ATR-IR spectroscopy in a reactor cell under reaction condition should be 
performed. 
This work focused mainly on PRO as a ligand on Pt NPs. However, the here discussed 
results indicate that α-amino acids in general should be ideal ligands for β-ketoesters, 
because they lead to a 2-point binding between ligand and reactant.[109] Future studies 
may focus on further structural features. By small variations of the ligand and reactant 
structures improvements up to ees over 90% should be feasible. Interesting ligands 
are for example N-methyl-L-alanine and L-alanine. Recently, ligands that contain 
additional steric demand (L-2-phenylglycine and L-tert-Leucine) were investigated in 
the hydrogenation of β-ketoesters. Here stereoselectivities of more than 80% ee, the 
benchmark for industrial applications,[32] were obtained. 
The results of the hydrogenation experiments revealed that functional groups in 
reactant and ligand are essential for high activities and stereoselectivities.[109] So far, 
however, the influence of the reaction solvent on the structural features has not been 
determined. It is known that β-ketoesters stand within a keto-enol equilibrium and 
hydrogenation of a C=C group proceeds faster than of a C=O group. With increasing 
polarity of the solvent the fraction of the keto form increases.[112-113] First tests showed 
that the solvent used for hydrogenation experiments influences the catalytic 
performance. It was observed that in general with increasing solvent polarity the activity 
decreases and the ee increases, this is consistent with the keto-enol equilibrium and 
the reactivities of both forms. To estimate and evidence the reactivity of both groups 
(C=O vs. C=C) 3-pen-2-one could be investigated.[114] Also the influence of the solvent 
should be systematically investigated by further hydrogenation experiments. 
It has been shown that the steric demand on the carbonyl side of the reactant 
determines the stereoselective control (Section 6.5).[109] So far primary alkyl groups 
have been investigated. In tartaric acid-modified Raney nickel the introduction of a 
proper bulky group e.g. a cyclopropyl group in γ-position further increased the 
enantioselectivity.[38, 115] This reactant class should be investigated in more detail, e.g. 
with cyclopropyl, phenyl, 4-methylphenyl, 4-methoxyphenyl and 3,4-dimethoxyphenyl 





An aspect that thus far received only very limited attention is the support. Their acid-
base properties may alter the catalytically performance. Depending on the surface 
chemistry the interaction between support and the ligand-shell can differ. This could 
significantly influence the stability of the particles on the support. Particle desorption 
may be inhibited even more effectively by using supports with other surface properties 
than γ-Al2O3, the standard support used within this work.  
Furthermore, it could be shown that recycling experiments are possible without loss in 
stereoselective control. This raises another question: What is actually the maximal 
turnover number (TON)? To determine the maximal TON it would be necessary to 
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